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Introduction
Interstitial cells of Cajal (ICC) are a distinct and unique cell population distributed in the gastrointestinal (GI) muscle layer of many vertebrates including humans (1-2).
They are network-forming cells connected electrically with each other and with smooth muscle cells via gap junctions. GI muscle shows spontaneous rhythmical contractions accompanied by periodic electrical oscillation, i.e., so-called slow waves which are affected by neither tetrodotoxin (TTX; blocker of nervous activity) nor dihydropyridine (blocker of L-type calcium channel) (3) (4) (5) . It has been postulated that ICC are pacemaker cells that generate slow waves and induce spontaneous contractions of the smooth muscles.
In the last decade, ICC were found to express the proto-oncogene c-kit and to develop depending upon activation of c-kit signal pathways (4, (6) (7) (8) . The expressions of c-kit and/or c-Kit receptors have been commonly used as a marker of ICC in the GI muscle layers and also enables the isolation of ICC. Recent electrophysiological studies using isolated ICC have demonstrated periodic oscillations of the membrane current (9) (10) (11) . Thus, ICC have been considered as pacemaker cells in recent years.
The intrinsic properties underlying the pacemaking mechanism in ICC have been emphasised in previous reports (11) . Several groups have reported that generation of electrical rhythmicity involves Ca 2+ release through inositol trisphosphate (IP3) type 1 receptor in the endoplasmic reticulum (ER) and subsequent Ca 2+ entry into mitochondria (12) (13) (14) . From these results, periodic rises in the cytosolic (intracellular) Ca 2+ concentration ([Ca 2+ ]i) are considered to play a key role in generating slow waves.
However, such [Ca 2+ ]i oscillation has not yet been analysed precisely. Currently, using Ca 2+ imaging techniques, Yamazawa and Iino have demonstrated Ca 2+ transients in ICC and longitudinal smooth muscles (15) . Their results suggested that [Ca 2+ ]i played a crucial role in pacemaking and that Ca 2+ imaging at the tissue level was a useful technique to investigate slow wave propagation in GI muscle. It is, however, necessary to clearly identify the distribution of ICC and their [Ca 2+ ]i in order to analyse the mechanism 2 2 
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underlying the generation of electrical rhythmicity in ICC. In the present study we recorded fluorescent Ca 2+ images where ICC were identified by c-Kit immunostaining in small cell clusters isolated from GI muscle. The observed [Ca 2+ ]i oscillation was sensitive to neither TTX nor dihydropyridine so that it was isolated from [Ca 2+ ]i in smooth muscles in the presence of nifedipine.
In contrast to the intracellular Ca 2+ circuit, periodic activation of plasmalemmal channels to generate pacemaker current has not been demonstrated, though several candidates such as non-selective cation channels including TRPs, Cl -channels, and/or Ca 2+ activated K + channels have been reported (5, 8, (16) (17) (18) . To address this, we investigated the pharmacological properties of [Ca 2+ ]i oscillation and the influx in ICC using cultured cell clusters. We also examined expression of putative channels by immunohistochemistry.
Our result indicates that [Ca 2+ ]i oscillation in ICC requires a Ca 2+ influx and TRP4 is at best a candidate for the mediator.
A preliminary description of the results was provided at the 18 th International Symposium on Gastrointestinal Motility (November [15] [16] [17] [18] [19] 2001 ; Madison, WI, USA) (19) . 3 3 
Calcium oscillation in interstitial cells of Cajal
Torihashi et al.
Experimental Procedures
Preparation of cultured cell clusters
BALB/c mice (10-15 days after birth) of either sex were used. Animals were treated according to the Guide to Animal Use and Care of the Nagoya University School of Medicine. Smooth muscle layers of small intestines were separated from the mucosa and cut into small pieces, and then incubated in Ca 2+ -free Hanks' solution containing collagenase (1.3 mg/ml, Wako Chemical), trypsin inhibitors (2 mg/ml), ATP (0.27 mg/ml) and bovine serum albumin (2 mg/ml) for 40-45 min at 37°C. After rinsing with an enzyme-free solution (without collagenase and trypsin inhibitors), the muscle pieces were triturated with fire-blunted glass pipettes. The resultant small cell clusters were placed onto murine collagen-coated coverslips in 35-mm culture dishes, and were incubated in a culture medium (DMEM) supplemented with 10% foetal bovine serum, streptomycin (100 U/ml) and penicillin (100 µg/ml) at 37 °C. After 2-4 days of incubation, the cultured cell clusters were used for Ca 2+ imaging.
Ca 2+ imaging
The cultured cell clusters were incubated for two hours (at room temperature) in a In some cell clusters, electrical activity was also measured using a differential amplifier (DP-301, Warner Instrument Corp. USA) and a recticorder (RJG-4022, Nihon
Koden, Japan). The amplifier was operated in an AC mode (high pass = 0.1 Hz; gain = 1,000). A cut-off frequency of 100 Hz was applied to reduce the noise. Glass pipettes with tips smaller than 10 µm in diameter were filled with modified Krebs solution written bellow, and put on the middle of cell clusters during Ca 2+ imaging.
Immunohistochemistry and western blotting
The cell clusters used for Ca 2+ imaging were treated for 5 min with rat anti-c-Kit antibody (ACK2, 10 µg/ml; (7)) conjugated with Alexa Fluoro 594 (Molecular probes).
After washing with modified Krebs solution, they were fixed with ice cold acetone for 2 min and observed by a confocal laser microscope (LSM5 PASCAL, Zeiss Germany).
These samples were incubated with mouse anti-γ-enteric actin antibody 
Immunoelectron microscopy
Muscle layers were fixed with 2% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, and cut into small pieces. After fixation for 30 min at 4°C, samples were infused with a mixture of sucrose and polyvinylpyrrolidone (Sigma; (21)), and frozen rapidly in liquid nitrogen. Ultrathin cryo-sections (50-70 nm) were incubated with rabbit anti-TRP4 antibody (1:100, Ab236), and processed for indirect immunostaining with 5 nm colloidal gold-conjugated goat anti-rabbit IgG (Amersham). The sections were embedded in a mixture of 2% methylcellulose (Nacalai) and 0.5% uranyl acetate (22) . They were then examined by an electron microscope (H-7000, Hitachi). 6 Calcium oscillation in interstitial cells of Cajal 6 Torihashi et al.
Solutions
The 
Statistics
Numerical data are expressed as mean ± standard deviation.
Results
Structure of cell clusters and c-Kit immunopositive cells
Small pieces of tissue developed into round or ovoid clusters after 2-4 days in culture, and were attached to the coverslips. The clusters were mainly composed of smooth muscle cells positively stained with anti-γ-enteric actin antibody (Fig. 1A, B) , and most of them included c-Kit-positive ICC. The distribution pattern of ICC, however, was disturbed (Fig. 1C) . In large cell clusters (more than 100 µm in diameter), enteric neurons were also included (Fig. 1D ).
Calcium oscillation in cultured cell clusters
Under superfusion with a modified Krebs solution at 35°C, the cultured cell clusters showed periodic contractions at a rate of 19 ± 3.8 cycles / min (n = 27). The contractions were always associated with periodic depolarization in the cell membrane,
i.e., slow waves (measured using patch clamp techniques; unpublished observation of Nakayama and Torihashi). Emission light of fluo4 in these clusters was monitored using a CCD camera system. Figure 2 shows an example of such experiments, and the movement of [Ca 2+ ]i is indicated by pseudocolour ratioed images ( Fig. 2A, B) . Although the amount of fluorescent dye loaded to each cell varied, many cells clearly showed a 7 Calcium oscillation in interstitial cells of Cajal 7 Torihashi et al. The time course analysis of [Ca 2+ ]i oscillation is presented in Figure 3E (dihydropyridine-resistant oscillations at points (1), (2) and at dihydropyridine-sensitive point (3)). The frequency of dihydropyridine-resistant [Ca 2+ ]i oscillation was 21 ± 4.1 cycles/min (n=30), and similar to that seen in the solution without nifedipine described above. The phase-contrast microscopy ( Fig. 3C ) and the c-Kit immunohistochemistry (Fig. 3D) Immunoelectron microscopy further confirmed that TRP4 was mostly distributed in caveolae in ICC, which were located between the circular and longitudinal muscle layer and identified as ICC morphologically (n = 5; Fig. 9 ). 10 
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Discussion
In the present study, we observed slow periodic contractions accompanied by (Fig. 4) . The slow waves seen in the isolated cell cluster are also similar to those observed in intact tissues in their frequency of oscillation (11, 13, 14) and temperaturedependency (our unpublished data). Therefore, the present preparation is a suitable model system for the analysis of the pacemaker mechanism as a minimum unit of the GI muscle layer. mitochondrial Ca 2+ uptake is though to be required for electrical pacemaking in ICC.
Pacemaker currents were closely related to mitochondrial Ca 2+ transient: mitochondrial uncouplers (FCCP and CCCP) and respiratory chain inhibitors (antimycin) blocked pacemaker current (25) . This is consistent with a previous report that pacemaking in ICC is dependent upon metabolic activity (26, 27) . All together, these data suggest that an intracellular calcium event depending upon the periodic release of Ca 2+ from ER through (Fig. 5) . The insensitivity to nifedipine clearly shows that Ca 2+ influx is not mediated by an L-type calcium channel, which is ordinarily required for the contractions of smooth muscle cells. Instead, the channel is thought to be a non-selective cation channel because La 3+ and Cd 2+ quickly reduced the amplitude of [Ca 2+ ]i oscillation and eventually blocked it. On the other hand, the T-type calcium channel is not 12 
Calcium oscillation in interstitial cells of Cajal
12
likely to contribute to the influx because a considerable amount of Ni 2+ did not affect [Ca 2+ ]i oscillation (Fig. 5) 
(28).
A gene family of TRP channels was cloned recently, and their products are considered to be non-selective cation channels (29) (30) (31) (32) . Some of them (including TRP4) were reported to be store-operated channels (20, 33) . The expression of trp genes in the murine and canine GI muscle layers was recently reported. Only full length of trp4, trp6
and some splice variants were detected in the muscle layer of the mouse GI tract (18). These data strongly suggested that the non-selective cation channel involved in [Ca 2+ ]i oscillation in ICC was TRP4. Although it was confirmed that both TRP4 and TRP6 were expressed in the muscle layer of the mouse small intestine by western blotting (Fig. 7) , TRP6 was demonstrated intensely in the smooth muscle but not in ICC by immunohistochemistry (data not shown). We thus think that TRP4 is predominant in ICC, whereas TRP6 is a principal type in smooth muscle. The periodic Ca 2+ release through IP3 receptor may cause depletion of the Ca 2+ store, which then activates TRP4
spontaneously. This Ca 2+ influx, mediated by TRP4, might provide pacemaker current in ICC.
By immunohistochemistry TRP4 was located mostly in caveolae shown by colocalization with caveolin-1 labelling. The caveolar distribution of TRP4 was corroborated with immunoelectron microscopy. Caveolae are enriched with many signalling molecules and are abundant in ICC (36, 37) . G protein-coupled receptors and receptor tyrosine kinases, concentrated in caveolae, are known to regulate TRP activity 13 Calcium oscillation in interstitial cells of Cajal 13 Torihashi et al. (38, 39) . Therefore, it is strongly suggested that neurotransmitters and hormones work on caveolae to modulate the pacemaking function in ICC. Moreover, a recent paper reported the possibility that TRP3 in caveolae formed direct physical interaction with IP3 receptor in ER and mediated Ca 2+ influx in HEK-293 cells (40) . Further studies are necessary to determine the functional relationship between TRP4, caveolae, and IP3 receptor and to understand the mechanism by which pacemaker currents are generated.
In summary, the [Ca 2+ ]i oscillation we demonstrated in ICC using isolated cell clusters from the mouse small intestine was closely linked to the pacemaker activity. Ca 2+ influx was necessary for [Ca 2+ ]i oscillation, and the non-selective cation channel TRP4, located mainly in caveolae, was inferred to mediate the Ca 2+ entry in ICC. Immunohistochemistry for PGP9.5 shows enteric neurons. Large clusters, i.e., more than 100 µm in diameter, sometimes contain enteric neurons. Bar = 50 µm. Immunohistochemistry for c-Kit shows localisation of ICC in the same cluster. Points 
